As new medications continue to come to market to improve health in individuals with cystic fibrosis (CF), patient adherence is increasingly more important to address. Currently, adherence for pulmonary medications is approximately 50% for people with CF. There has been recent research that has demonstrated that poor adherence is linked to worse health outcomes. This review summarizes recent research on the impact of adherence on lung health and highlights future areas of research and clinical practice to address this growing need.
INTRODUCTION
In the past few years, our knowledge of the impact of medication adherence on lung health outcomes has progressed dramatically. There is greater understanding about the importance of adherence, how to measure it, and which interventions might be effective. We have realized that an expectation for perfect adherence is unrealistic given the complexity and time burden of the typical cystic fibrosis (CF) regimen [1] . In fact, objective measures of adherence have indicated that adherence to chronic pulmonary medication ranges between 35 and 75% depending on the drug and person's age [2, 3] . This review will focus on current studies examining the impact of adherence on health outcomes in CF as well as methods to help improve medication adherence to improve patients' health.
MEASURES OF MEDICATION NONADHERENCE
In order to best understand the impact of adherence on patients' health and functioning, it is imperative to develop appropriate measures. It is known that patient-reported adherence is consistently higher compared with objectively measured adherence [4, 5] , suggesting a positive self-report bias.
Furthermore, physician assessment of patient adherence is inaccurate and often no better than chance [3] . These limitations of self-report or clinician estimate highlight the importance of objective measures of adherence in order to evaluate treatment efficacy and provide appropriate adherence supports.
There are two primary methods to objectively measure adherence: pharmacy refill records using measures of drug availability [e.g., medication possession ratios (MPR) or continuous medication availability [6, 7] or gaps in drug coverage (e.g., gap days [6] )] and electronic monitors such as the I-Neb Adaptive Aerosol Device [8] . Given the advent of electronic medical and prescription records, pharmacy refill records are becoming increasingly more available and convenient in assessing adherence. However, these data only measure if the medication was picked up at the pharmacy and does not assess actual drug consumption. Furthermore, the length of time for assessing adherence using refill records may be problematic as many patients obtain 90-day supplies of medications, which requires at least 12 months of data to obtain an appropriate length of time for calculation. This also limits the ability to detect change in adherence using pharmacy refill records because the length of time until a fill is picked up is too long [7] .
Electronic monitors have a data logging capability that provides a date/time stamp when medication was administered. This allows patients and clinicians to not only measure overall adherence but also track patterns of medication use. A recent study of 24 adolescents in the UK illustrated that overall medication adherence to nebulized medications was 65 AE 28% [9 && ]. However, large variations were identified, with patients having higher adherence during the weekday and school sessions compared with weekends or summer/holiday breaks. This pattern of lower adherence during the summer has also been shown using pharmacy records [10 & ]. Major limitations in the use of electronic medication monitors are increased cost, many require additional staffing to manage, and many monitors are not yet widely approved for use as or with a drug delivery device. Regardless, electronic devices should continue to be developed and tested, as they provide the most comprehensive adherence information possible.
PREVALENCE OF NONADHERENCE
Medication adherence in CF is approximately 50% but can range from approximately 35-75% depending on the type of measure, medication, and population characteristics. Overall, research has shown that adherence begins to decline in adolescence [11] , with young adults having the lowest adherence [2,10 & ]. Adolescence is the developmental period when parents begin to shift responsibility of adherence to the adolescent [12] , with a complete transfer occurring during young adulthood. Thus, the transfer of responsibility during adolescence is a potential target for intervention during this risk period; however, future research is needed to evaluate the efficacy of such interventions.
IMPACT OF MEDICATION ADHERENCE ON LUNG HEALTH OUTCOMES
The impact of medication adherence on lung health outcomes in patients with CF has only recently been evaluated. Recent studies have indicated that poor adherence to CF medication therapy is associated with longer hospital stays [10 & ], higher respiratory exacerbation cost [10 & ], increased hospitalizations [13] , increased number of pulmonary exacerbations requiring intravenous (i.v.) antibiotics [2] , and lower baseline lung function [2] .
A recent study of 95 patients at one CF center evaluated the association of adherence to pulmonary medications and lung health outcomes (lung function and pulmonary exacerbations) [2] . This study utilized pharmacy refill records in the previous 12 months for the following medications: dornase alpha, tobramycin, hypertonic saline, and azithromycin. Using the refill records, an MPR was calculated such that the numerator was the number of days supply medication was dispensed and denominator was the number of days in the study period (365 days -days hospitalized) [6] . MPRs were calculated for each medication, and then averaged together to create a composite MPR score for overall adherence.
Eakin et al. [2] found that the composite MPR score significantly predicted courses of i.v. antibiotics in the concurrent 12-month period, such that the group with the lowest adherence (<50%) had the
KEY POINTS
Adherence to chronic pulmonary medication is approximately 50% among individuals with CF.
Recent research has demonstrated an association between low medication adherence and an increase probability of pulmonary exacerbations, and increased healthcare utilization and cost.
Interventions are needed to improve medication adherence to improve patient health and overall quality of life.
highest probability of having an exacerbation (incidence rate ratio ¼ 2.34, P ¼ 0.05), after controlling for disease severity and regimen complexity. Furthermore, medication adherence was associated with baseline lung function (estimate ¼ 29.81, P ¼ .007), although it did not predict lung function decline over the 12-month period. Although this study is based on a small sample and retrospective data, this is one of the first studies to demonstrate a link between medication adherence and lung health outcomes in CF. The results of this study need to be further evaluated in a larger prospective national sample with a longer evaluation period to validate these preliminary findings and determine whether adherence impacts lung function decline and other important health outcomes over time.
There have been a few recent studies that utilized the MarketScan database [14] or HealthCore Integrated Research Database (HIRD) to evaluate the impact of refills of particular medications (dornase alpha [10 & ] and tobramycin [13, 15] ) on exacerbations, frequency of hospitalizations, and length of stay and costs (Table 1 ). One study found that the lower adherence to dornase alpha was associated with the longer length of stays in the hospital and higher costs for respiratory exacerbations. However, there was no association between adherence and frequency of exacerbations and, in fact, higher adherence was associated with higher medical costs overall because of the high cost of dornase alpha [10 & ]. Exacerbations were defined as a medical code for pneumothorax, acute asthma, acute respiratory infection, pneumonia, influenza, acute respiratory failure, or bronchospasm; or the presence of a pharmacy claim for oral or i.v. antibiotics. Briesacher et al. [13] found that higher numbers of tobramycin refills were associated with a decreased risk of hospitalization (adjusted odds ratio 0.40; 95% confidence interval 0.19-0.84), decreased outpatient costs and increased outpatient prescription drug costs. Wertz et al. [15] also found that the adherence to tobramycin was associated with lower total costs; in fact CF-related inpatient costs decreased by $1171 (49%; P ¼ 0.01) for the group with the highest adherence compared with the group with lowest adherence.
These studies utilized large deidentified databases and focused solely on one medication. This design has several limitations because they are not able to adequately control for disease severity (e.g., lung function, BMI, or other disease characteristics) and cannot examine the impact of overall medication adherence on important clinical outcomes such as lung function. Furthermore, the definition for exacerbations or other clinical events is based on a limited number of billing data elements and may not accurately reflect the full clinical care. Conversely, the benefits of these types of MarketScan databases allow us to examine the association between prescription refills and outcomes on very large representative samples in a more real world setting.
INTERVENTIONS TO IMPROVE MEDICATION ADHERENCE
Given the potential impact nonadherence may have on an individual's overall health and well-being, it is important to begin to identify and implement efficacious interventions to improve adherence. A Cochrane review has illustrated that behavioral interventions are effective in improving medication adherence [16, 17] . However, there are few published interventions that have been specifically implemented with patients with CF. The first step in designing an intervention is to understand that patient's unique barriers to adherence. Recent research has focused on identifying potential barriers and facilitators to adherence in adolescents and young adults with CF [18, 19] . There are a variety of barriers to adherence that may include the following: healthcare system factors such as co-pays, delays in prior authorizations, or low access to care; individual factors such as depression, health beliefs about medications, knowledge, time management, and planning; and/or provider factors such as poor patient-provider communication, and unclear treatment planning. In order to provide the most effective interventions, it is important that we appropriately assess each individual's barriers to adherence and tailor interventions for that individual. Recent research from asthma has indicated that the use of tailored self-management interventions resulted in improved health outcomes [20, 21] . More research is needed to evaluate the use of individually tailored behavioral interventions to improve medication adherence by systematically addressing barriers in CF.
EMERGING ISSUES IN MEDICATION ADHERENCE
A major barrier to adherence that is often discussed is the treatment burden and time to take these medications [22] . Over time, the time spent each day taking medications has increased for individuals with CF, especially for adults [22] . However, most CF patients also mention that there is an added time burden in working with their insurance payers and pharmacies to obtain the appropriate prior authorizations and approvals for these specialized medications. Cost containment efforts by payers not including these medications on their formulary lists presents additional burden for patients and providers. Policy efforts are needed to streamline this process to help individuals in efficiently obtaining their medications on a routine basis.
In order for efficacious interventions to improve adherence to have an impact on the overall public health of people with CF, these interventions will need to be able to be readily available to them to address adherence to all aspects of the prescribed regimen. Often behavioral interventions are not designed or evaluated in a setting that is accessible or convenient for many individuals [23] . There is an urgent need for interventions to be designed and evaluated in settings that can be scaled up for implementation at a care center or remotely using technology [24] .
CONCLUSION
Medication adherence is suboptimal for people with CF. Recent research has illustrated that low adherence is associated with greater probability of a pulmonary exacerbation, lower baseline lung function, more frequent hospitalizations, and longer hospital stays. However, more research is needed to further delineate the link between adherence and lung health outcomes in larger representative samples with a longer observation period. Previous research has indicated the importance of objective measures of adherence to reduce bias. Currently, most research is relying on the use of pharmacy records as a measure of adherence, but this has methodological limitations. Electronic medication monitors can provide a more real-time sensitive measure of adherence but they are of limited availability for patients and cannot be used for all medications. There is a great need for the development and validation of electronic education monitors for adherence measurement for both research and clinical practice. Behavioral interventions have been shown to be effective in improving adherence; however, very few have been evaluated with people with CF. As we begin to identify the negative impact that nonadherence has on lung health, there will be a need for more concerted effort to develop and evaluate interventions to improve adherence that can be implemented with large patient populations to have the largest public health impact.
